DNA double-strand break (DSB) repair is critical for chromosomal maintenance. There are several proposed pathways for homology-directed DSB repair including single-strand annealing, synthesis-dependent strand annealing, break-induced replication and Holliday junction pathways[@b1]. All recombinational DSB repair pathways have at least one step in common: the pairing of a broken DNA end with an intact part of a homologous chromosome. This central DNA strand invasion step is carried out by a family of enzymes that include the bacterial RecA and the eukaryotic Rad51 proteins[@b2][@b3]. While many of the functions of gene products involved in various DSB pathways are known, there are still key players, even in bacteria, which remain enigmatic. One such mysterious protein critical to DSB repair in bacteria is the RecN protein.

The RecN protein is a member of the structural maintenance of chromosomes (SMC) family of proteins. SMC proteins have important functions in a variety of housekeeping DNA processes including chromosomal condensation, sister chromatid cohesion and recombinational DNA repair[@b4]. The *Deinococcus radiodurans* RecN protein was shown previously to act as a cohesin mediating the intermolecular tethering of DNA molecules[@b5], confirming an SMC protein-like function for a bacterial recombination enzyme. The SMC-like architecture of *D. radiodurans* RecN has further been confirmed by X-ray structure analysis[@b6].

*Escherichia coli* RecN is involved in the recombinational repair of DNA damage and is likely functioning in both the RecFOR- and RecBCD-dependent pathways[@b7]. RecN forms discrete foci in response to DSBs in bacteria[@b8][@b9][@b10] and the repair of DBSs is severely hampered in the absence of RecN[@b11][@b12][@b13]. But, what is the function of the RecN protein in recombinational DNA repair pathways? *Bacillus subtilis* RecN protein is thought to coordinate damaged DNA and recombination proteins early in the DNA damage response[@b14][@b15] and RecN appears important for ultraviolet-induced compaction of the *E. coli* nucleoid[@b16]. Further, strains harbouring *recN* mutants are more sensitive to ionizing radiation or multiple, site-specific DSBs than to a single site-specific DSB in *E. coli.*[@b11] These observations are consistent with a pre-recombination, chromosomal maintenance role for RecN protein.

The DNA tethering activity of RecN likely provides an important utility leading to DNA repair. However, evidence also suggests that RecN acts with or affects the RecA protein. First, *E. coli recN recA* double mutants are no more sensitive to DSBs than *recA* single mutants[@b11], consistent with RecN involvement in RecA-mediated recombinational DNA repair. And further, it appears that RecA recruits RecN to DSBs in *E. coli*[@b9] suggesting a role for RecN after RecA accumulates at a the site of damage. There are no published accounts that the *E. coli* RecN protein has been purified for biochemical studies, although not for a lack of trying. *E. coli* RecN is highly susceptible to proteolytic breakdown and is generally insoluble in aqueous solutions[@b17][@b18]. In the current study, we demonstrate the effect of the RecN protein on RecA-mediated recombination using a biochemical system and the purified *D. radiodurans* proteins. Here we report a significant stimulation of the RecA-mediated DNA strand invasion step of recombination by the RecN protein. Further, we establish the order of assembly of RecN and RecA proteins that leads to a functional interaction between these proteins. And, finally, we describe the influence of RecA on the ATP hydrolysis activity of the RecN protein.

Results
=======

RecN protein stimulates RecA-mediated DNA strand exchange
---------------------------------------------------------

The RecN protein can actively reduce the in-solution distance between DNA molecules[@b5][@b19][@b20]. We reasoned that intermolecular DNA tethering might stimulate RecA-mediated DNA strand exchange under dilute, suboptimal reaction conditions. Therefore, the effect of *D. radiodurans* RecN protein on RecA activity was assayed *in vitro* using a modified DNA strand exchange reaction ([Fig. 1a](#f1){ref-type="fig"}). The reaction is carried out in the order typically used to assess RecA-promoted DNA strand exchange. However, under the dilute DNA conditions (see Methods) used for reactions shown in [Fig. 1c](#f1){ref-type="fig"}, RecA protein only promotes a small amount of nicked, circular duplex product compared to the reaction carried out under standard (undiluted) DNA conditions (compare lane 2 of **c** with lane 4 of **b** in [Fig. 1](#f1){ref-type="fig"}). We found that the addition of RecN protein to this reaction greatly stimulates product formation in a concentration-dependent manner ([Fig. 1c](#f1){ref-type="fig"}). The stimulation is observed with as little as 250 nM RecN protein and saturates with the addition of 1 μM RecN protein. The addition of 500 nM RecN protein stimulates product formation by RecA protein more than threefold under these conditions ([Fig. 1d](#f1){ref-type="fig"}). RecN protein alone does not promote DNA strand exchange (lane 9, [Fig. 1c](#f1){ref-type="fig"}).

RecN protein stimulates RecA-mediated D-loop formation
------------------------------------------------------

As described in the introduction, evidence suggests that RecN may function at an early step in the DSB repair pathway. [Figure 1](#f1){ref-type="fig"} shows that RecN indeed stimulates RecA-promoted DNA strand exchange *in vitro*. This enhancement is likely accomplished by RecN bringing the recombining substrates closer together enabling RecA to find and pair the homologous DNA molecules. To clearly show that RecN acts early in the reaction, we confirmed the stimulatory effect of adding RecN to a RecA-mediated displacement loop (D-loop) reaction ([Fig. 2](#f2){ref-type="fig"}). D-loops form when RecA filament promotes synapsis of a 3′-overhang on the probing DNA sequence with a complementary region of a homologous target duplex DNA molecule ([Fig. 2a](#f2){ref-type="fig"}). This type of reaction is thought to mimic the initial pairing step of recombinational DSB repair[@b3]. Products are observable independent of the extensive DNA branch migration required to detect the products of the DNA strand exchange reaction shown in [Fig. 1](#f1){ref-type="fig"}. The inefficient D-loop formation mediated by the RecA protein alone (lane 4, [Fig. 2b](#f2){ref-type="fig"}) is significantly enhanced by the addition of the RecN protein (lane 5, [Fig. 2b,c](#f2){ref-type="fig"}). RecN does not promote DNA pairing in the absence of RecA (see [Fig. 3b](#f3){ref-type="fig"} below). Interestingly, the RecN stimulation of RecA-mediated D-loop formation is not observed when a RecN ATPase-deficient mutant (RecN K67A) is used in the reaction (lane 6, [Fig. 2b](#f2){ref-type="fig"}). This indicates that RecN ATP hydrolysis is required for the stimulation of RecA under these conditions. The requirement for ATP hydrolysis will be explored further below.

DNA pairing stimulated by RecN protein is species-specific
----------------------------------------------------------

The RecN-dependent increase in DNA-pairing products promoted by the RecA protein shown in [Figs 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"} can be explained by a simple model in which the cohesin-like activity of RecN[@b5] reduces the distance between substrate DNA molecules. This model predicts that RecN protein should enhance the DNA-pairing activity of any RecA recombinase. We tested the DNA strand exchange activity of the *E. coli* RecA protein in the presence of RecN ([Fig. 3](#f3){ref-type="fig"}). Surprisingly, we observed no stimulation of the *E. coli* RecA protein by the RecN protein using either the diluted DNA strand exchange reaction ([Fig. 3a](#f3){ref-type="fig"}) or the D-loop assay ([Fig. 3b](#f3){ref-type="fig"}). This negative result may reflect the minor mechanistic differences between the *E. coli* RecA and *D. radiodurans* RecA proteins previously described[@b21][@b22]. It may also reflect a species-specific interaction. We explored the intriguing possibility of a direct interaction between purified RecA and RecN proteins using a pull-down strategy ([Fig. 3c](#f3){ref-type="fig"}). The RecA and RecN proteins (2 μM each) were incubated in the presence or absence of DNA. Diluted mixtures were loaded onto RecN or RecA antibody covalently coupled resin, and unbound proteins were removed. On elution, RecA and RecN co-eluted suggesting a physical interaction. The RecA and RecN proteins do not interact nonspecifically with RecN and RecA antibodies, respectively ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). A direct interaction may explain the fact that *D. radiodurans* RecN does not stimulate the DNA strand exchange reactions catalysed by *E. coli* RecA protein ([Fig. 3a,b](#f3){ref-type="fig"}), but does stimulate its cognate RecA protein ([Figs 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}).

RecA bound to DNA stimulates RecN ATP hydrolysis
------------------------------------------------

The role of ATP hydrolysis by the RecN protein and cohesins in general is not well understood. Robert Lloyd and colleagues have shown that *recN* ATPase-deficient mutant bacterial strains (replacing lysine with alanine in the Walker A motif) have phenotypes that mimic that of a *recN* null mutant[@b23]. The purified RecN K67A mutant protein from *D. radiodurans* exhibits no measurable ATPase activity but is not defective in DNA binding or cohesin-like DNA-bridging activity ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). We were intrigued by the observation that RecN K67A mutant protein does not stimulate RecA-mediated DNA pairing (lane 6, [Fig. 2b](#f2){ref-type="fig"}) especially given the fact ATP nucleotide is not required for the wild-type RecN protein to carry out cohesin-like DNA-bridging activity[@b5]. In an attempt to understand the role of ATP hydrolysis, we explored the effect of RecA protein on the ATP hydrolysis activity of RecN ([Fig. 4](#f4){ref-type="fig"}). We showed previously that the rate of ATP hydrolysis catalysed by the RecN protein is not stimulated by single-stranded DNA (ssDNA), but is stimulated by linear, and relaxed or supercoiled circular duplex DNA[@b5]. The experiments shown in [Fig. 4](#f4){ref-type="fig"} are carried out at a sub-optimal concentration ratio of RecN to DNA such that the DNA-independent and -dependent ATP hydrolysis rates are similar (reactions 1 and 2 of [Fig. 4](#f4){ref-type="fig"}, [Table 1](#t1){ref-type="table"} and ref. [@b5]). Since RecA also hydrolyses ATP, we utilized the ATPase-deficient *D. radiodurans* RecA Walker A mutant protein (RecA K83R) to test the effect of added RecA protein under the conditions previously optimized for RecN activity[@b5]. We observed a three- to fivefold increase in the RecN ATP hydrolysis rate when a ternary mixture of RecN (2 μM), RecA K83R (2 μM) and duplex DNA (50 μM) are present in the reaction mixture (compare reactions 3, 4 and 5 with reactions 1 and 2, [Fig. 4](#f4){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). This indicates that RecN ATPase activity is enhanced in the presence of RecA protein. Data in [Supplementary Fig. 3](#S1){ref-type="supplementary-material"} confirm that the stimulation of RecN ATP hydrolysis is species-specific and occurs under conditions optimized for RecA protein activity.

The RecN ATPase rate increase is more instructive when we measure the time required for RecN protein to reach a steady-state rate of ATP hydrolysis (lag time) as a function of protein order of addition. When RecN is allowed to interact with the DNA for 20 min before the addition of RecA, a lag of 25 min is observed (reaction 3, [Fig. 4](#f4){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). The lag increases to more than 30 min when RecN and RecA are pre-incubated before the addition of duplex DNA (reaction 4, [Fig. 4](#f4){ref-type="fig"}). In this case, there is a small but reproducible decrease in the DNA-independent ATPase rate of RecN before the ternary mixture is complete by the addition of DNA (compare reactions 1 and 4, [Fig. 4](#f4){ref-type="fig"}). This may be due to the interactions between RecA and RecN proteins. Finally, the lag in RecN ATP hydrolysis described above is almost eliminated if RecN protein is added to DNA pre-incubated with RecA protein (reaction 5, [Fig. 4](#f4){ref-type="fig"}). The final, steady-state rate of RecN-catalysed ATP hydrolysis is similar in all three orders of addition ([Table 1](#t1){ref-type="table"}).

The most likely explanation for the lag measured when either RecN is pre-incubated with DNA before the addition of RecA (reaction 3, [Fig. 4](#f4){ref-type="fig"}) or RecN is pre-incubated with RecA before the addition of DNA (reaction 4, [Fig. 4](#f4){ref-type="fig"}) is that a reorganization of proteins is occurring such that RecN is dissociating from DNA or RecA so that RecA is free to bind the DNA. And, the increase in RecN activity only occurs when RecN interacts with DNA that is bound with RecA. Consequently, we observe no lag to RecN ATP hydrolysis when RecN is added to preformed RecA filaments. These data suggest that RecN ATPase activity may be needed for a step in the DSB repair pathway after RecA is loaded onto the DNA.

RecN ATPase is stimulated under RecA D-loop conditions
------------------------------------------------------

To gain insight into the role of ATP hydrolysis, RecN ATPase activity was measured under D-loop assay reaction-optimized conditions (see Methods) using the RecA K83R ATPase-deficient mutant ([Fig. 5b](#f5){ref-type="fig"}[](#f6){ref-type="fig"}). The RecA K83R mutant protein is proficient in mediating D-loop formation, as has been shown for other RecA Walker A mutant homologues ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"} and ref. [@b24]). Under the conditions used, the background RecN ATPase activity is very low (∼2 μM min^−1^, [Table 2](#t2){ref-type="table"}) in the absence of RecA when the D-loop probe DNA, the target DNA or both DNA substrates ([Fig. 5b](#f5){ref-type="fig"}, reactions 1, 2 and 3, respectively) are included in the reaction. For reactions containing RecA, the DNA and proteins are assembled as indicated in [Fig. 5a](#f5){ref-type="fig"}, and individual reactions in [Fig. 5b](#f5){ref-type="fig"} indicate the protein(s) and the DNA substrate(s) added. Reaction assemblies are also noted in [Table 2](#t2){ref-type="table"}. The rate of RecN ATP hydrolysis ([Table 2](#t2){ref-type="table"}) increases in the presence of RecA and either D-loop probe DNA (reaction 4) or D-loop target DNA (reaction 5) and the highest rate is observed when the complete D-loop assay components of both DNA substrates are present (reaction 6). The RecN ATPase rate measured under complete D-loop reaction conditions (reaction 6) represents a 20-fold stimulation ([Table 2](#t2){ref-type="table"}) compared to the same reaction in the absence of RecA protein (reaction 3). This enhanced rate of RecN ATP hydrolysis under the D-loop reaction conditions is largely dependent on both RecA protein bound to the probe DNA and the presence of the target DNA.

We asked whether the ATPase activity of RecN is dependent on homology. The RecA-dependent D-loop assay was repeated with non-homologous target DNA (supercoiled phage *φ*X174 RF1) and RecN ATPase activity was monitored (reaction 7, [Fig. 5b](#f5){ref-type="fig"}). Interestingly, the measured rate of RecN ATP hydrolysis is the same whether the target DNA is homologous or heterologous to the probe DNA ([Table 2](#t2){ref-type="table"}). It appears that the enhancement of RecN ATPase observed during the D-loop reaction may not be concomitant with the RecA-mediated DNA-pairing reaction. This suggests that the RecN ATPase activity is required for a presynaptic step of the reaction after RecA protein binds to the probe DNA.

Target DNA concentration and length affects RecN ATPase
-------------------------------------------------------

The difference in the measured rate of RecN hydrolysis in RecA--RecN--DNA ternary complexes with the D-loop probe DNA compared to the D-loop target DNA ([Table 2](#t2){ref-type="table"}) was unexpected (compare reactions 4 and 5, [Fig. 5b](#f5){ref-type="fig"}). While the two DNAs are present at the same concentration (in micromolar nucleotides), the probe DNA contains a 150-nucleotide ssDNA overhang and the target DNA is supercoiled circular duplex DNA. The RecN ATPase rate in the absence of RecA is the same for both of these DNA molecules (reactions 1 and 2, [Fig. 5b](#f5){ref-type="fig"}). We have previously determined that the double-stranded DNA-dependent rate of ATP hydrolysis is similar whether the duplex DNA cofactor is supercoiled, linearized or relaxed circular, even under conditions optimized for RecN ATP hydrolysis[@b5]. Therefore, we only observe different RecN ATPase rates with the probe DNA and the target DNA when RecA is present in the reaction. A further difference between reactions 4 and 5 of [Fig. 5b](#f5){ref-type="fig"} is the presence of DNA at the time of RecA addition. In reaction 4, RecA is pre-incubated with probe DNA. In reaction 5, RecA is not incubated with DNA before the addition of RecN. Since the RecN hydrolysis rate observed in reaction 5 is much greater than in reaction 4 where RecA is bound to probe DNA, it appears that RecN is not activated for hydrolysis until additional DNA is added to the preformed RecA filaments in the presence of RecN. The only DNA present in reaction 5 is supercoiled DNA and it is possible that the RecA protein is unable to saturate the DNA, so there is free DNA present for RecN to bind to or for RecA/RecN to conduct some unproductive searching. Since the rate of RecN ATP hydrolysis is higher when additional DNA is added as in reaction 6 of [Fig. 5b](#f5){ref-type="fig"}, it is possible that RecN is interacting both with RecA protein bound to probe DNA and to the second DNA strand added (target), as we suggest below in the model of [Fig. 7](#f7){ref-type="fig"}. In reaction 4 of [Fig. 5b](#f5){ref-type="fig"}, the probe DNA (with ssDNA extensions) should be saturated by the RecA protein added and there is much less opportunity to pseudo-search another DNA strand not bound by RecA protein, although there is probably a bit of unbound probe DNA at any point in time. It is possible that to some extent the DNA can act as both probe and target, albeit unproductive due to the four strands present. RecA might not be searching in this scenario, due to the four strands, but RecN may be bringing the two DNA molecules into juxtaposition nonetheless. The idea that RecN--RecA--DNA complexes engaged in unproductive, pseudo-searching also stimulates the RecN ATP hydrolysis is further supported by the fact the two DNAs need not be homologous (as in [Fig. 5b](#f5){ref-type="fig"}, reaction 7).

To determine whether the stimulation of hydrolysis is indeed related to a second DNA strand addition, we carried out DNA titration experiments in the presence of RecA K83R protein. The D-loop probe DNA concentration was held constant at 10 μM and the D-loop target DNA was titrated from 0 to 10 μM producing a clear dependency of the rate of ATP hydrolysis on the target DNA concentration ([Fig. 6a](#f6){ref-type="fig"} and [Table 2](#t2){ref-type="table"}) and less concentration dependence on RecN ATPase rates when the probe DNA was titrated.

In addition to titrating the concentration of target DNA as described above, we also investigated the effect of changing the length of the target DNA ([Fig. 6b](#f6){ref-type="fig"}) added to the same D-loop reaction in [Figs 5](#f5){ref-type="fig"} and [6a](#f6){ref-type="fig"}. When the concentration of target DNA molecules was held constant at 2 nM (closed squares, [Fig. 6b](#f6){ref-type="fig"}), the RecN ATPase activity measured was proportional to the length of target DNA added to the reaction. Since the concentration of DNA base pairs is also increasing as the DNA length increases (see legend to [Fig. 6b](#f6){ref-type="fig"}), we repeated the DNA target length experiment with a constant concentration of DNA (10 μM) of nucleotides (open squares, [Fig. 6b](#f6){ref-type="fig"}). In this case, the measured RecN ATPase rate with DNA target lengths 2.4 kilobase pairs (kbp) or longer were approximately the same (∼50 μM min^−1^). However, the RecN ATP hydrolysis rate is again higher in the presence of these longer target DNAs than when the shorter target DNAs are added, even though the number of target DNA molecules decreases as the length increases. Again, the RecN ATPase activity measured was proportional to the length of target DNA added to the reaction for DNA lengths below 2.4 kbp.

RecN protein is activated for ATP hydrolysis by RecA bound to DNA ([Fig. 4](#f4){ref-type="fig"}) and the rate of that hydrolysis during a D-loop reaction is largely dependent on the concentration of the target DNA ([Fig. 6a](#f6){ref-type="fig"}). This suggests an activation of RecN protein ATPase where the stimulation occurs as a function of the addition of the second DNA strand (the target) to the RecA protein bound to the probe DNA. The target DNA used in [Fig. 5b](#f5){ref-type="fig"}, reactions 5 and 6 is supercoiled plasmid duplex DNA fully homologous to the probe DNA. We also find that the stimulation of RecN ATP hydrolysis under D-loop conditions (reaction 6, [Fig. 5b](#f5){ref-type="fig"}) is observed even when the target DNA is linearized ([Table 2](#t2){ref-type="table"} and [Fig. 6b](#f6){ref-type="fig"}). Therefore, the stimulation of RecN ATPase activity is not unique to a RecA--RecN--supercoiled DNA complex.

Discussion
==========

We conclude that the SMC-like RecN protein has a presynaptic role in RecA-mediated homologous DNA pairing. We present several lines of evidence suggesting the function of RecN is important after RecA has bound DNA and before the DNA-pairing step. Our results show that (i) RecN stimulates the RecA-dependent DNA strand invasion reaction *in vitro*, (ii) the RecN and RecA proteins physically interact, (iii) the stimulation of RecA requires the ATPase activity of RecN protein, (iv) RecA bound to DNA stimulates the ATPase activity of RecN protein more than 20-fold, (v) the rate of RecN-mediated ATP hydrolysis during the D-loop reaction is sensitive to the concentration and the length of a second DNA strand added (target) and (vi) the stimulation of RecN ATP hydrolysis observed during the D-loop reaction is not homology-dependent.

We propose a role for RecN in the search for homology between two DNA strands, one bound by RecA ([Fig. 7](#f7){ref-type="fig"}). First, RecA binds to a resected DSB end and recruits the RecN protein. We believe the recruitment of RecN is mediated by a direct interaction between RecN and RecA protein. Keyamura *et al*.[@b9] has shown that green fluorescent protein-labelled RecN protein fails to localize to the sites of DSBs in the absence of RecA in *E. coli*. Alonso\'s group has determined the localization kinetics of several *B. subtilis* recombination proteins and reports that RecN is among the first responders to a DSB, followed by the RecA protein[@b8][@b14][@b25]. Further, the *B. subtilis* RecA protein was shown to promote the disassembly of *B. subtilis* RecN--DNA complexes *in vitro*[@b20]. In the current study, we demonstrate that an ordered assembly of ternary complex occurs such that RecA binds to DNA followed by the binding of RecN protein (as measured by RecN ATP hydrolysis; [Fig. 4](#f4){ref-type="fig"}). In fact, a measurable lag in the engagement of RecN is observed if RecN is pre-incubated either with the DNA or RecA suggesting a reorganization of proteins is occurring such that RecN is dissociating from DNA or RecA so that RecA is free to bind the DNA.

We have presented several lines of evidence that suggest a direct interaction between RecA and RecN proteins: (i) the stimulation of RecA-mediated DNA pairing and strand exchange by RecN is species-specific ([Fig. 3](#f3){ref-type="fig"}); (ii) the kinetic enhancement of RecN ATP hydrolysis by RecA bound to DNA is species-specific ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}); (iii) the rate of RecN ATP hydrolysis is lower when RecA and RecN are incubated together in the absence of DNA than when RecN is bound to DNA in the absence of RecA (reaction 4, [Fig. 4](#f4){ref-type="fig"}); and (iv) the RecN and RecA proteins co-elute from antibody-coupled resins ([Fig. 3](#f3){ref-type="fig"}).

Once the RecN protein has been recruited to the DNA-bound RecA protein, the ATPase activity of RecN is stimulated ([Figs 4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"}). Monitoring the rates of RecN ATP hydrolysis during the RecA-mediated D-loop reaction allowed us to detect an ordered activation of RecN activity since the stimulation is sensitive to the concentration of the second DNA strand added to the reaction (the target), but is less sensitive to the concentration of the probe DNA bound by RecA protein ([Fig. 6a](#f6){ref-type="fig"}). Further, the increased activity of RecN is likely important for a step of the reaction before the DNA base-level, Watson--Crick sampling that is thought to be the initial steps of homologous pairing[@b26][@b27][@b28][@b29] since the rate increase is observed even when the target DNA is not homologous to the probe DNA ([Fig. 5b](#f5){ref-type="fig"}). It is likely that the RecA--DNA--RecN--DNA complex illustrated in [Fig. 7](#f7){ref-type="fig"} represents an initial bridging of two DNA molecules, a first step in the process of homology search. Although the function(s) of this RecA-dependent increase in ATP hydrolysis by RecN (more than 20-fold under some conditions) is not fully elucidated, the rate increase elicits the intriguing possibility that RecN possesses a motor activity. The high level of ATP hydrolysis by RecN protein indicates that RecN may be affecting the dynamics of RecA-mediated pairing of two DNA strands. It is interesting to note that the eukaryotic Rad54 protein stimulates Rad51 homologous DNA pairing by remodelling DNA topology[@b30]. RecN could conceivably generate negative topological stress that would stimulate DNA strand invasion by RecA[@b31]. Although we observe the same activation of RecN ATP hydrolysis whether the target DNA is supercoiled or linearized, a detailed study of the effect of RecN on the topological state of duplex DNA will be required to determine whether this mechanism is a contributing factor.

The ATPase activity of RecN may power movement of RecN or RecN--RecA complexes along the target DNA or facilitate movement between DNA segments. The enhanced rate of RecN ATP hydrolysis under the D-loop reaction conditions ([Fig. 5b](#f5){ref-type="fig"}) is largely dependent on both RecA protein bound to the probe DNA and the concentration of the target DNA. Further, the rate of RecN ATP hydrolysis is sensitive to the length of target DNA ([Fig. 6b](#f6){ref-type="fig"}). This may be a reflection of a higher RecN affinity for longer DNA molecules. RecN likely binds DNA with some degree of cooperativity since the DNA-dependent rate of ATP turnover depends on RecN protein concentration[@b5]. Although more work is necessary to clearly delineate the mechanism of these effects, another interpretation is that shorter DNA limits the rate of ATP hydrolysis because RecN movement is limited in range on a single DNA-binding event.

Studies by several groups[@b32][@b33][@b34] have argued that SMC complexes (both cohesins and condensins) translocate, presumably by sliding, to relocate over large distances along a chromosome (reviewed in refs [@b35], [@b36]). Therefore, it is possible that RecN translocation is at least contributing to the high rates of ATP hydrolysis we have observed in the current study. In the model proposed in [Fig. 7](#f7){ref-type="fig"}, translocation powered by ATP hydrolysis would allow RecN to move RecA presynaptic filaments (through a direct interaction) along target duplex DNA. At least two previous studies have proposed a three-dimensional diffusion model for the RecA homology search and provide evidence that RecA--DNA filaments do not slide with respect to target duplex DNA[@b37][@b38]. However, Ragunathan *et al*.[@b39] observed one-dimensional sliding of RecA presynaptic filaments with respect to target duplex DNA. It is possible that both sliding and intersegmental transfer contribute to the search for homology[@b39][@b40]. The RecN movement of RecA presynaptic filaments could contribute to both movement along the chromosome and intersegment transfer between chromosomes as part of a global search for homology in the cell. This idea of a cellular-wide homology search, although not new, is frequently overlooked when describing recombination events[@b28]. In eukaryotic cells, chromatin mobility increases at sites of DSBs[@b41][@b42][@b43], and movement of DNA DSB ends has been visualized in live *E. coli* cells[@b10] indicating a presynaptic, long-range homology search in bacterial cells.

The data presented here represent a major step forward in understanding the biochemical role of RecN in recombinational DNA DSB repair pathways. To the best of our knowledge, this study is the first observation of a RecN protein stimulating the DNA strand exchange activity ([Fig. 1](#f1){ref-type="fig"}), and in particular, the formation of D-loops catalysed by the RecA protein ([Fig. 2](#f2){ref-type="fig"}). Further, we have provided evidence for a role of RecN ATP hydrolysis during the presynaptic steps of DSB repair. The elucidation of the bacterial RecN protein activities may further the understanding of recombinational DNA repair in eukaryotic cells. The enhancement of the DNA-pairing activity of RecA by the RecN protein is strikingly similar to the stimulation of Rad51 by the Rad54 protein or of Dmc1 by Hop2--Mnd1 proteins shown by several groups[@b44][@b45][@b46][@b47][@b48][@b49][@b50][@b51][@b52]. The activity of RecN as a first responder to DSBs has also been compared to the Rad50 component of the Mre11--Rad50--Nbs1 complex[@b14][@b53]. The model presented in [Fig. 7](#f7){ref-type="fig"} supposes a direct link between the assembly of RecN and RecA at a DNA DSB and the RecN facilitation of a long-range homology search by RecA protein that leads to the critical homologous DNA-pairing event of the recombinational DNA repair pathway.

Methods
=======

Protein expression and purification
-----------------------------------

*Wild-type RecN protein*. The *D. radiodurans* RecN protein was expressed in EAW3 (*E. coli* strain MG1655 *ΔrecN*; ref. [@b5]) cells co-transformed with pT7Pol26 and pEAW309 (ref. [@b5]). A 10 l culture was grown in Luria broth (LB) broth (10 g l^−1^ tryptone, 5 g l^−1^ yeast extract and 10 g l^−1^ NaCl, with pH adjusted to 7.0) to an OD~600~ of 0.5. RecN protein expression was induced by the addition of isopropyl β-[D]{.smallcaps}-1-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM. Following a 6 h incubation at 37 °C, cells were collected by centrifugation, flash-frozen in liquid N~2~ and stored at −80 °C. All subsequent steps were carried out at 4 °C. Cell paste was thawed and fully resuspended to 20% cell weight per volume ratio in Tris-sucrose solution (25% sucrose and 250 mM Tris-HCl 80% cation, pH 7.5) supplemented with the protease inhibitors 4-(2-aminoethyl)benzenesulfonyl fluoride-HCl and pepstatin A to final concentrations of 0.5 mg ml^−1^ and 0.7 μg ml^−1^, respectively. The cells were lysed by 60 min incubation with lysozyme in 250 mM Tris-HCl (80% cation, pH 7.5) to 2.5 mg ml^−1^, followed by the addition of 0.4 ml of 25 mM EDTA per ml of lysed cell suspension, sonication and centrifugation for 1 h. The lysate was precipitated with polyethyleneimine, pH 7.5 (0.5% final concentration) and centrifuged. The pellet was washed with R buffer (20 mM Tris-HCl (80% cation, pH 7.5), 1 mM dithiothreitol (DTT), 0.1 mM EDTA and 10% glycerol)+150 mM ammonium sulfate and extracted two times with R buffer+300 mM ammonium sulfate. The protein solution was precipitated by the addition of 0.23 g solid ammonium sulfate per ml of solution (40% saturation). The precipitant was washed with R buffer+2.3 M ammonium sulfate, resuspended in R buffer+300 mM KCl and dialysed extensively versus R buffer+50 mM KCl. The protein was loaded onto DEAE-Sepharose resin (GE Healthcare), washed with 1 column volume of R buffer+50 mM KCl and eluted with a linear gradient of KCl from 50 mM to 1 M KCl over 10 column volumes. The RecN protein eluted at ∼300 mM KCl. Peak fractions were analysed by SDS--PAGE and fractions containing RecN were pooled and dialysed versus P buffer (20 mM potassium phosphate (pH 6.8), 1 mM DTT, 0.1 mM EDTA and 10% glycerol). Pooled protein was loaded onto ceramic hydroxyapatite resin (BioRad), washed with 1 column volume of P buffer and eluted with a linear gradient from 20 mM to 1 M potassium phosphate buffer (pH 6.8) over 10 column volumes. The RecN protein eluted at ∼ 400 mM phosphate. The fractions containing RecN were pooled and concentrated using a Source Q column. The pure RecN protein was determined to be free of nuclease contamination and was dialysed extensively versus storage buffer (R buffer+50 mM KCl), flash-frozen in liquid N~2~ and stored at −80 °C. The concentration of the RecN protein (molecular weight 59,798 Da) was determined from the absorbance at 280 nm using the calculated extinction coefficient 29,160 M^−1^ cm^−1^.

*RecN K67A mutant protein*. Cloning of pPLP01 containing *D. radiodurans recN K67A* was carried out via site-directed mutagenesis, using pEAW309 (wild-type *recN* expression plasmid[@b5]) as a template, according to the Stratagene Quick Change site-directed mutagenesis kit manual. DNA sequencing confirmed the desired point mutation. The *D. radiodurans* RecN K67A mutant protein was expressed and purified as described above for wild-type RecN protein except that the protein required flow through passage in Heparin FF resin (GE Healthcare) to remove trace nuclease contamination before the final concentration step.

*D. radiodurans RecA proteins*. The wild-type RecA and the RecA K83R mutant proteins were purified following a modified version of a procedure previously described[@b54]. Briefly, the *D. radiodurans* wild-type RecA or RecAK83R proteins were expressed by growing a 10 l culture of *E. coli* strain STL2669 (ref. [@b55]) co-transformed with either pEAW158, (wild-type *recA*) or pEAW244 (*recA K83R*) and pT7Pol26 in LB broth to an OD~600~ of 0.6. The pEAW158 and pEAW244 expression plasmids were gifts from Michael Cox (University of Wisconsin-Madison). Expression was induced by addition of IPTG to a final concentration of 0.4 mM. Following a 3 hour incubation with IPTG at 37 °C, the cells were collected by centrifugation, flash-frozen in liquid N~2~ and stored at −80 °C. All subsequent steps of this purification were carried out at 4 °C. Cells were thawed and fully resuspended to a final 20% cell weight per volume ratio in Tris-sucrose solution. Cell suspensions were lysed by 60 min incubation with lysozyme in 250 mM Tris-HCl (80% cation, pH 7.5) to 2.5 mg ml^−1^, followed by the addition of 0.4 ml of 25 mM EDTA per ml of lysed cell suspension, sonication and centrifugation for 1 h. The lysates were precipitated with polyethyleneimine (Sigma), pH 7.5 (0.5% final concentration) and centrifuged. The resulting pellets were washed with 50 ml of R buffer+50 mM ammonium sulfate and then extracted two times with 50 ml of R buffer+300 mM ammonium sulfate. The protein solutions were precipitated by adding 0.33 g solid ammonium sulfate per ml of solution (55% saturation). The precipitants were washed with 50 ml R buffer+3 M ammonium sulfate, resuspended in 50 ml of R buffer+300 mM KCl and dialysed versus R buffer+150 mM KCl and then extensively dialysed into R buffer+50 mM KCl. The proteins were loaded onto a DEAE-Sepharose column and washed with two column volumes of R buffer+50 mM KCl. Flow-through fractions were identified by SDS--PAGE, pooled and dialysed into P buffer. The dialysed proteins were then loaded onto Bio-Gel hydroxyapatite resin (BioRad), washed with two column volumes of P buffer and eluted with two column volumes of 500 mM potassium phosphate buffer (pH 6.8). Pooled fractions were dialysed verses R buffer+50 mM KCl and loaded onto a PBE-94 column (GE Healthcare), washed with one column volume of R buffer+50 mM KCl and eluted with a linear gradient from 50 mM to 1 M KCl. The RecA proteins eluted from this column at ∼500 mM KCl. Pooled protein fractions were determined to be free of nuclease contamination and were concentrated by ammonium sulfate precipitation at 55% saturation as described above. Pellets were resuspended in 5 ml of R buffer+300 mM KCl and dialysed extensively into R buffer (storage buffer). Concentrations of *D. radiodurans* RecA proteins were determined from the absorbance at 280 nm, using the determined extinction coefficient 0.372 mg ml^−1^ cm^−1^ and molecular mass 38,013 Da (ref. [@b54]).

*E. coli RecA protein*. The *E. coli* wild-type RecA protein was purified as described[@b55]. Briefly, the RecA protein was overexpressed by growing a 10 l culture of STL2669 (ref. [@b5]) co-transformed with pAIR79 (wild-type *recA*) and pT7pol26 in LB broth to an OD~600~ of 0.8. Protein expression was induced by the addition of IPTG to a final concentration of 0.4 mM. Following a 3 h incubation with IPTG at 37 °C, the cells were collected by centrifugation, flash-frozen in liquid N~2~ and stored at −80 °C. All subsequent steps of this purification were carried out at 4 °C. Cell paste was thawed and fully resuspended to a final 20% cell weight by volume ratio in Tris-sucrose solution. Cell suspension was lysed by a 60 min incubation with lysozyme (2.5 mg ml^−1^ final) in 250 mM Tris-HCl (80% cation, pH 7.5) followed by the addition of 0.4 ml of 25 mM EDTA per ml of fraction, sonication and centrifugation. The lysate was precipitated with polyethyleneimine, pH 7.5 (0.5% final concentration) and centrifuged. The pellet was washed once with 100 ml of R buffer+150 mM ammonium sulfate and then extracted two times with 100 ml of R buffer+300 mM ammonium sulfate. The protein solution was precipitated by adding 0.28 g of solid ammonium sulfate per ml of solution (47% saturation) followed by centrifugation. The precipitated protein was washed twice with 50 ml R buffer+2.8 M ammonium sulfate, resuspended in 100 ml of R buffer+100 mM KCl and dialysed extensively into R buffer+100 mM KCl. The protein was loaded onto DEAE-Sepharose resin and washed with two column volumes of R buffer+100 mM KCl. Flow-through fractions were identified by SDS--PAGE, pooled and dialysed into P buffer and loaded onto ceramic hydroxyapatite resin, washed with two column volumes of P buffer. Protein was eluted with a linear gradient from 20 to 350 mM potassium phosphate over 10 column volumes. Pooled protein fractions were determined to be free of nuclease contamination and were concentrated by ammonium sulfate precipitation at 47% saturation as described above, resuspended in R buffer and dialysed extensively into R buffer (storage buffer). The concentration of purified RecA protein (37,842 Da) was determined from the absorbance at 280 nm using the extinction coefficient 2.23 × 10^4^ M^−0^ cm^−c^ (ref. [@b55]).

*Single-strand binding proteins*. The *E. coli* single-strand binding (SSB) protein was purified as described[@b56]. Briefly, the *E. coli* SSB protein was overexpressed by growing a 10 l culture of BL21(DE3) transformed with pEAW134 (a gift from Michael Cox) in LB broth to an OD~600~ of 0.5. Protein expression was induced by the addition of IPTG to a final concentration of 0.4 mM. Following a 3 h incubation with IPTG at 37 °C, the cells were collected by centrifugation and flash-frozen in liquid N~2~. All steps of this purification were carried out at 4 °C. Cell paste was thawed and fully resuspended to a final 25% cell weight to volume ratio in lysis buffer (50 mM Tris-HCl, pH 8.3, 0.2 M NaCl, 15 mM spermidine tri-Cl, 1 mM EDTA and 10% sucrose). Cell suspension was lysed by a 30 min incubation with lysozyme (200 μg ml^−1^ final lysozyme concentration). The cell suspension was also supplemented with phenylmethylsulfonyl fluoride (0.1 mM final concentration). Cell lysate was incubated for 30 additional minutes with sodium deoxycholate (0.05% final concentration) followed by sonication and centrifugation. The lysate was precipitated with polyethyleneimine, pH 7.5 (0.4% final concentration) for 30 min and centrifuged. The pellet was resuspended for 45 min in 100 ml of TGE buffer (50 mM Tris-HCl, pH 8.3, 1 mM EDTA and 20% glycerol)+0.4 M NaCl and centrifuged. The protein solution was supplemented with 0.15 g ml^−1^ ammonium sulfate (27% saturation) overnight and centrifuged. The precipitant was washed in 100 ml of TGE buffer+0.15 g ml^−1^ ammonium sulfate and centrifuged. Washing step was repeated twice. Protein pellet was resuspended in 20 ml of TGE buffer+300 mM NaCl and subjected to step dialysis into TGE buffer+50 mM NaCl. The solution was loaded onto DEAE-Sepharose resin, washed with 2 column volumes of TGE buffer+50 mM NaCl and eluted with a linear gradient from 50 to 800 mM NaCl over 10 column volumes. Pooled fractions were dialysed into TGE buffer+50 mM NaCl, loaded onto Heparin resin, washed with 2 column volumes of TGE buffer+50 mM NaCl and eluted with a linear gradient from 50 to 300 mM NaCl over 10 column volumes. Pooled fractions were determined to be free from nuclease contamination and dialysed extensively into storage buffer (20 mM Tris-HCl, pH 8.3, 0.5 M NaCl, 1 mM EDTA, 1 mM β-mercaptoethanol and 50% glycerol). The concentrations of *E. coli* SSB (18,843 Da) was determined by absorbance measurements at 280 nm using the extinction coefficient of 2.38 × 10^4^ M^−1^ cm^−1^ (ref. [@b56]). The purified *D. radiodurans* SSB protein[@b57] was a gift from Michael Cox.

Biochemicals
------------

Unless otherwise noted, all of the reagents were purchased from Fisher. Phosphoenolpyruvate was from Spectrum. Pyruvate kinase, lactate dehydrogenase, NADH, ATP, polyethyleneimine and bromophenol blue were purchased from Sigma. All restriction endonucleases and T7 exonuclease were purchased from New England Biolabs. DTT was from Soltec Ventures.

DNA substrates
--------------

Bacteriophage *φ*X174 circular ssDNA (virion) and *φ*X174 RFI supercoiled circular duplex DNA (5,386 bp) were purchased from New England Biolabs. Plasmid DNA substrates pEAW324 (8,716 bp) and pEAW3 (2,431 bp) were gifts from Michael Cox[@b58][@b59], and prepared using CsCl-ethidium bromide gradients[@b60]. Unless otherwise noted, full-length linear duplex DNA substrates were generated by the digestion at unique restriction sites on the *φ*X174 RFI DNA with PstI, pEAW324 with ApaI and pEAW3 with SspI restriction endonucleases, using conditions suggested by the enzyme supplier. The digested DNA was extracted with phenol/chloroform/isoamyl alcohol (25:24:1), followed by ethanol precipitation. D-loop substrate described as target DNA is supercoiled pEAW3 plasmid, unless otherwise indicated. D-loop substrate described as probe DNA ([Figs 2a](#f2){ref-type="fig"} and [5](#f5){ref-type="fig"}) was prepared by incubation of SspI treated pEAW3 linear duplex DNA with T7 exonuclease at 30 °C for 90 s. T7 exonuclease catalyses the removal of 5′-mononucleotides from duplex DNA in the 5′--3′ direction at a rate of ∼150 nucleotides per 90 s in buffer conditions suggested by enzyme supplier. Various-length linear duplex DNA substrates used as target for the experiments of [Fig. 6b](#f6){ref-type="fig"} were prepared by digesting pEAW3 (2,431 bp) with NdeI, XbaI and ScaI to produce 1,450, 650 and 303 bp and pEAW324 (8,716 bp) with BsaXI to produce 4,205 and 1,074 bp, using conditions suggested by the enzyme supplier. DNA substrates were gel-purified using Agarase (Thermo Scientific) following the protocol for recovery of DNA from low-melting agarose gels provided by the supplier. The concentrations of ssDNA and double-stranded DNA were determined by absorbance at 260 nm, using 36 and 50 mg ml^−1^ A~260~^−1^, respectively, as conversion factors. Unless otherwise specified, all DNA concentrations are given in micromolar nucleotides.

Buffers
-------

Buffer A is 25 mM Tris acetate (80% cation, pH 7.4), 1 mM DTT, 3 mM potassium glutamate, 10 mM Mg(OAc)~2~ and 5% (weight per volume) glycerol. Buffer N is 25 mM Tris-OAc (80% cation, pH 7.4), 1 mM DTT, 3 mM potassium glutamate, 17.5 mM Mg(OAc)~2~, 40 mM KOAc, 5% (weight per volume) glycerol and 1% buffered polyethylene glycol 8000. Buffer T is 20 mM Tris-Cl (80% cation, pH 7.4), 20 mM EDTA. 0.5% SDS. 2 × loading buffer contains 15% Ficoll, 0.24% bromphenol blue and 0.24% xylene cyanole. 2 × loading stop buffer solution contains 15% Ficoll, 4% SDS, 0.24% bromophenol blue and 0.24% xylene cyanole. TBE buffer is 90 mM Tris borate and 2 mM EDTA, pH 8. 5 × SDS loading buffer contains 250 mM Tris-Cl (pH 6.8), 4% SDS, 20% glycerol, 10% 2-mercaptoethanol and 0.1% bromophenol blue.

RecA-mediated DNA three-strand exchange
---------------------------------------

The DNA strand exchange reactions were carried out at 37 °C in buffer A and an ATP regeneration system (10 units per ml of pyruvate kinase and 2.5 mM phosphoenolpyruvate). Protein and DNA concentrations are described in figure legends. Experiments measuring the DNA strand exchange activity of the *E. coli* or *D. radiodurans* RecA protein utilized the *E. coli* or *D. radiodurans* SSB protein, respectively. RecA protein was incubated with *φ*X174 circular ssDNA for 10 min. SSB protein, 3 mM ATP and the RecN protein (where indicated) were added, followed by another 10 min incubation. The reaction was initiated by the addition of *φ*X174 linear duplex DNA and incubated for 45 min, or the times indicated in the figure legend. Dilute condition reactions ([Figs 1c](#f1){ref-type="fig"} and [3a](#f3){ref-type="fig"}) were stopped by addition of 80 μl buffer T plus 5 μl of proteinase K (to 1.25 mg ml^−1^). DNA was extracted with phenol/chloroform/isoamyl alcohol (25:24:1), followed by ethanol precipitation. DNA was resuspended in TE (10 μl) plus 2 × loading buffer. Normal DNA concentration reactions ([Fig. 1b](#f1){ref-type="fig"}) were stopped by adding 2 × loading stop buffer and proteinase K (to 1.25 mg ml^−1^). Samples were subjected to electrophoresis in 0.8% agarose gels with TBE buffer, stained with ethidium bromide and exposed to ultraviolet light. The inverted gel images were obtained using a digital charge-coupled device camera with Foto/Analyst PC Image software version 10.21 (Fotodyne).

RecA-dependent D-loop formation
-------------------------------

The D-loop formation reactions were carried out at 37 °C in buffer A and an ATP regeneration system (10 units per ml of pyruvate kinase and 2.5 mM phosphoenolpyruvate). Protein and DNA concentrations are described in figure legends. RecA protein was incubated with probe DNA for 10 min. ATP (3 mM) and the RecN protein were added, followed by another 10 min incubation. The reaction was initiated by the addition of target DNA and incubated for 45 min. Reactions were stopped by adding 2 × loading stop buffer and proteinase K (to 1.25 mg ml^−1^). Samples were subjected to electrophoresis as described above.

ATPase assay
------------

The ATPase activity of RecN protein was measured using an enzyme-coupled spectrophotometric enzyme assay as described[@b5]. All reactions were carried out at 37 °C. The RecN ATPase activity measured in experiments represented in [Figs 5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"}, and were carried out in buffer A. Buffer N was used in experiments represented in [Fig. 4](#f4){ref-type="fig"}. The concentration of proteins and DNA, RecN, as well as the order of protein additions are indicated in the figure legends. Reactions were initiated by the addition of 3 mM ATP.

Co-elution of RecA and RecN proteins
------------------------------------

Pull-down experiments were done using purified *D. radiodurans* RecA and RecN proteins. Antibodies against these proteins were raised in chicken (Chicken IgY) and affinity-purified (GeneTel Laboratories, LLC, Madison, WI). The stock concentration for the RecA and RecN antibodies are 13.2 and 1 mg ml^−1^, respectively. A unit of 50 μg antibody for RecA or RecN (diluted directly from the stock in AminoLink Plus (Pierce) coupling buffer) was coupled to 100 μl of AminoLink Plus coupling resin (50% slurry). All concentrations given are final concentrations. Reactions (40 μl) were carried out in buffer N with an ATP regeneration system (10 units per ml pyruvate kinase and 3.5 mM phosphoenolpyruvate) in the presence or absence of 25 μM *φ*X174 3′-linear duplex DNA. RecA protein (2 μM final) was added to the above reaction mixture and incubated at 37 °C for 20 min. Binding reactions were initiated by the addition of ATP (to 2.5 mM) and allowed to proceed for 20 min before the addition of 4.8 μg RecN protein (2 μM final) and further incubated for 15 min at 37 °C. Samples (except for the input sample) were diluted 1:3 in 1 × Dulbecco\'s modified PBS buffer (Sigma). Diluted mixtures were loaded on RecA or RecN antibody-coupled resin and incubated for 2 h at 4 °C on a turn-table. Resins were washed with 150 μl IP lysis/wash buffer (Pierce). Protein complexes were eluted with 50 μl of elution buffer (Pierce). Protein samples were mixed directly with 5 × SDS loading buffer, and 10 μl were loaded and separated by 14% SDS--PAGE. The inverted gel images were obtained using a digital charge-coupled device camera with Foto/Analyst PC Image software version 10.21 (Fotodyne).

Data availability
-----------------

All relevant data are available from the authors.

Additional information
======================

**How to cite this article:** Uranga, L. A. *et al*. The cohesin-like RecN protein stimulates RecA-mediated recombinational repair of DNA double-strand breaks. *Nat. Commun.* **8,** 15282 doi: 10.1038/ncomms15282 (2017).

**Publisher\'s note**: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary Material {#S1}
======================

###### Supplementary Information

Supplementary figures and supplementary references.

The work was supported by National Institutes of Health grants R01GM104375 and P20GM103451 (to S.L.L). This work was also supported by Howard Hughes Medical Institute Undergraduate Science Education Grant 52005881 (to L.N.R.). We thank Michael Cox for plasmids and antibodies and Madison Spence for technical assistance.

The authors declare no competing financial interests.

**Author contributions** L.A.U. designed, conducted and analysed the experiments in [Figs 2](#f2){ref-type="fig"}, [3b](#f3){ref-type="fig"}, [4](#f4){ref-type="fig"}, [5](#f5){ref-type="fig"} and [6](#f6){ref-type="fig"} with assistance from E.D.R. and L.N.R.; E.D.R. designed and conducted the experiments in [Figs 1](#f1){ref-type="fig"} and [3a](#f3){ref-type="fig"}; P.L.P. designed and conducted the experiment in [Fig. 3c](#f3){ref-type="fig"} and cloned the pPLP01 plasmid; L.A.U., E.D.R., P.L.P. and L.N.R. all purified enzymes used; L.A.U., P.L.P. and S.L.L. prepared figures and wrote the manuscript. All authors edited and reviewed the manuscript.

![RecN stimulates RecA-mediated DNA three-strand exchange reactions.\
(**a**) Schematic of RecA-mediated DNA strand exchange reaction. RecA filaments formed on circular ssDNA (ss) invade and search for homology within linear duplex DNA (lds). The homology between the ssDNA bound by RecA and the duplex DNA is aligned. RecA exchanges these homologous strands forming intermediate, joint heteroduplex DNA molecules (JM). The intermediate joint molecule contains a three-stranded branch point that migrates the length of the molecule until nicked, circular duplex products (nc) are formed. The abbreviations described here (ss, lds, JM and nc) reflect the agarose gel labels used here and in subsequent figures. (**b**) RecA only control (normal conditions). RecA protein (5 μM) was incubated with 15 μM circular ssDNA for 10 min. ATP (3 mM) and SSB (1.5 μM) were added and incubated for an additional 10 min. Reactions were initiated by addition of homologous ldsDNA (15 μM) and incubated for the time indicated. The total reaction volume was 20 μl. (**c**) Reactions were carried out as described for **b** except under dilute conditions. The final concentrations of RecA, SSB, ssDNA and ldsDNA were 0.4, 0.08, 1 and 2 μM, respectively, and the total reaction volume was 120 μl. RecN protein was added at the concentration noted in the figure with the ATP and SSB. All reactions were stopped 45 min after the addition of ldsDNA except for M (stopped immediately after ldsDNA addition). DNA was recovered from the reaction before gel electrophoresis (see Methods). This experiment was repeated three times with similar results. (**d**) Quantification of amount of nc duplex DNA product formed by 0.4 μM RecA protein in 45 min in the presence or absence of 0.5 μM RecN protein. The band intensity of the product was divided by the sum of the band intensities of all duplex DNA species in the same gel lane, as detected by the TotalLab gel quantification software. Error bars represent the s.d. of five independent experiments.](ncomms15282-f1){#f1}

![RecN stimulates RecA-dependent D-loop formation.\
(**a**) Schematic of RecA-dependent D-loop reaction. RecA filaments formed on the linear duplex plasmid DNA substrate containing 150-nucleotide (nt) 3′-ssDNA overhangs (probe) promote strand invasion within the 2.4 kb, homologous, supercoiled plasmid DNA (target). RecA exchanges the homologous strands forming D-loop structures. These descriptions, probe, target and D-loop, reflect the agarose gel labels used here and in subsequent figures. (**b**) RecA (6.7 μM) was incubated with 20 μM probe DNA for 10 min. ATP (3 mM) and 1 μM RecN or RecN K67A mutant, as indicated at the top of each lane, were incubated for an additional 10 min before starting the reaction with the addition of 20 μM homologous target DNA. All reactions were incubated for 45 min. (**c**) Quantification of amount of D-loop-pairing structures formed by 6.7 μM RecA protein in 45 min in the presence or absence of 1 μM RecN protein. The D-loop products are defined as the sum of all DNA band intensities in a particular lane that correspond to the mobility of the D-loop DNA-pairing structures identified in **b** that were detected by the TotalLab gel quantification software. This sum was divided by the sum of all band intensities (except the band corresponding the ncDNA) in the same lane. Error bars represent the s.d. of six independent experiments.](ncomms15282-f2){#f2}

![RecA and RecN proteins interact.\
(**a**) The *D. radiodurans* (Dr) or *E. coli* (Ec) RecA protein (0.4 μM) was incubated with 1 μM circular ssDNA (ss) for 10 min. ATP (3 mM), RecN (0.5 μM, where indicated) and 0.08 μM SSB were added and incubated for an additional 10 min. The reaction was initiated by the addition of 2 μM homologous duplex DNA (lds). All reactions were incubated for 45 min after lds addition except for M. The reaction of the control lane (M) was immediately stopped after lds addition. DNA was recovered from the reaction before gel electrophoresis (see Methods). This experiment was repeated three times with similar results. We observed no measurable difference in experiments with EcRecA+or −DrRecN protein. Quantification of RecN stimulation of DrRecA DNA stand exchange under these conditions is included in [Fig. 2c](#f2){ref-type="fig"}. (**b**) EcRecA (6.7 μM) was incubated with 20 μM probe DNA for 10 min. ATP (3 mM) and 1 μM RecN, as indicated at the top of each lane, were added and incubated for an additional 10 min. The reactions were initiated by the addition of 20 μM target DNA. All reactions were incubated for 45 min. See [Fig. 2](#f2){ref-type="fig"} for target and probe DNA description. This experiment was repeated three times with no measurable difference between + and -- RecN conditions. (**c**) Purified *D. radiodurans* RecA (38 kDA) and RecN (60 kDa) proteins co-elute, in the presence (+dsDNA) or absence (−dsDNA) of linear duplex DNA, from a RecN antibody-coupled resin (top) or from a RecA antibody-coupled resin (bottom). Lane M indicates a protein size marker. The input lanes contain an 8 μl load of a mixture of 0.12 μg RecN per μl and 0.08 μg RecA per μl. Excess protein complex was removed during the early wash steps, and 8 μl of the final 50 μl wash and 8 μl of the 50 μl elution were loaded directly onto the gel.](ncomms15282-f3){#f3}

![RecA protein stimulates the DNA-dependent rate of RecN ATP hydrolysis.\
ATPase reactions were carried out as described in the Methods section. The ATP hydrolysis measured reflects only that catalysed by RecN protein since RecA K83R is a ATPase-deficient RecA mutant. Linearized pEAW324 plasmid DNA is utilized where indicated. Reactions 1 and 2 are control experiments measuring the amount of ATP hydrolysis over time by RecN protein (2 μM) in the absence (reaction 1) or presence of 50 μM DNA (reaction 2). The order of addition for reactions 3, 4 and 5 are shown (top). The first set (reaction 3, RecN and DNA; reaction 4, RecN and RecA K83R; and reaction 5, RecA K83R and DNA) were incubated with 2.5 mM ATP in buffer N (see Methods) for 20 min before the second addition (reaction 3, RecA K83R; reaction 4, DNA; and reaction 5, RecN). The time of the second addition is indicated by a vertical arrow. The final concentration of RecN, RecA K83R and DNA was 2, 2 and 50 μM, respectively. See [Table 1](#t1){ref-type="table"} for steady-state rates of RecN ATP hydrolysis and lag times.](ncomms15282-f4){#f4}

![The stimulation of RecN ATPase by RecA protein under D-loop assay conditions is not homology-dependent.\
(**a**) Schematic of reaction assembly used to monitor RecN ATPase during RecA-dependent D-loop formation. RecA K83R (3.4 μM where indicated) was incubated with probe DNA (see [Fig. 2](#f2){ref-type="fig"} legend) for 10 min before the addition of 3 mM ATP and RecN (1 μM where indicated). Target DNA (see [Fig. 2](#f2){ref-type="fig"} legend) was added 10 min later. For each reaction described, components omitted from reactions were compensated for by protein storage buffers or TE, in the case of DNA. All reactions were carried out under buffer A conditions and followed the reaction scheme shown. ATP hydrolysis was measured after the addition of ATP. (**b**) Controls measuring RecN ATP hydrolysis in the absence of RecA K83R are shown with 10 μM probe DNA and no target DNA (reaction 1), no probe DNA and 10 μM target DNA (reaction 2), and 10 μM probe DNA plus 10 μM target DNA (reaction 3). Reaction 4: RecN ATP hydrolysis when RecA K83R protein was incubated with 10 μM probe DNA in the absence of added target DNA. Reaction 5: RecN ATP hydrolysis when RecA K83R protein was incubated in the absence of probe DNA followed by 10 μM target DNA. Reaction 6: RecN ATP hydrolysis when RecA K83R protein was incubated with 10 μM probe DNA followed by 10 μM target DNA. Reaction 7: RecN ATP hydrolysis when RecA K83R protein was incubated with 10 μM probe DNA followed by 10 μM non-homologous, supercoiled RF1 *φ*X174 DNA. See [Table 2](#t2){ref-type="table"} for steady-state RecN ATP hydrolysis rates.](ncomms15282-f5){#f5}

![The stimulation of RecN ATPase by RecA protein under D-loop assay conditions is target DNA concentration- and length-dependent.\
Reactions were carried out in Buffer A and assembled as in reaction 6, including protein concentrations, from [Fig. 5b](#f5){ref-type="fig"}, except as noted. (**a**) The steady-state RecN ATP hydrolysis rate was measured when added to RecA K83R protein incubated with probe DNA (where indicated) followed by target DNA (where indicated). The probe DNA concentration is held constant at 10 μM and the target DNA concentration is titrated (0--10 μM), and white bars represent the rate of ATP hydrolysis catalysed by RecN protein at each DNA concentration relative to the rate measured at zero target DNA. The target DNA concentration is held constant at 10 μM and the probe DNA concentration is titrated (0--10 μM), and grey bars represent the rate of ATP hydrolysis catalysed by RecN protein at each DNA concentration relative to the rate measured at zero probe DNA. Error bars represent the s.d. of the relative rate (the s.d. of the average rate divided by the average rate) from 3 to 15 independent experiments (see [Table 2](#t2){ref-type="table"} for steady-state rates). (**b**) The steady-state RecN ATP hydrolysis rate was measured when added to RecA K83R protein incubated with 2 nM molecules (10 μM nt) probe DNA followed by 2 nM molecules linearized, target DNA (target lds DNA, black square) or 10 μM of nucleotides linearized, target DNA (target lds DNA, white square) of different lengths, as indicated. The linear duplex target DNA substrate length in kilobase pairs (kbp) and concentration in μM nt and nM molecules for the two sets are as follows: 0.65 kbp (2.6 μM, black square; 7.7 nM, white square); 1.1 kbp (4.3 μM, black square); 1.5 kbp (5.8 μM, black square; 3.5 nM, white square); 2.4 kbp (9.6 μM, black square; 2.1 nM, white square); 4.2 kbp (16.8 μM, black square); 5.4 bp (21.5 μM, black square; 0.9 nM, white square); and 8.7 kbp (34.8 μM, black square; 0.6 nM, white square). The error bars represent the s.d. of four independent experiments. nt, nucleotide.](ncomms15282-f6){#f6}

![Model for the role of RecN in the stimulation of the RecA strand invasion step of DNA DSB repair.\
RecN interacts with RecA bound to a ssDNA region of one DNA molecule and with a target duplex DNA molecule. *In vitro*, this scenario leads to a relatively high rate of ATP hydrolysis by the RecN protein. One possible function of RecN ATP usage is the movement of the complex along or between potential target DNA molecules as part of a global search for homology. Alternatively, RecN protein may be affecting RecA--DNA filament dynamics and/or the topological state of the DNA, as discussed in the text.](ncomms15282-f7){#f7}

###### Kinetic measurements for experiments illustrated in [Fig. 4](#f4){ref-type="fig"}.

  **Order of addition**            **Average ATP hydrolysis rate (μM min**^**−1**^**)±s.d.**    **Average lag time (min)±s.d.**
  -------------------------------- ----------------------------------------------------------- ---------------------------------
  1---RecN, no DNA, no RecA K83R   8.3±1.7                                                                     0
  2---RecN+DNA, no RecA K83R       13.7±4.1                                                                    0
  3---RecN+DNA→RecA K83R           53.4±4.2                                                                25.0±5.0
  4---RecN+RecA K83R→DNA           47.5±8.5                                                                34.3±5.3
  5---RecA K83R+DNA→RecN           56.3±15.6                                                                8.3±6.7
  RecA K83R+DNA, no RecN           0.20±0.17                                                                   0

RecN ATP hydrolysis rate (in μM min^−1^) and lag times (in min) for the experiments illustrated in [Fig. 4](#f4){ref-type="fig"}. The order of additions match the numbered reactions. The ATP hydrolysis rates were measured after the reaction reached the steady state. Lag times, where applicable, represent the time required for the reaction to reach a steady-state rate of hydrolysis after the addition of all reaction components ([Fig. 4](#f4){ref-type="fig"}). All averages and s.d.\'s were calculated from 4 independent trials except that data for reaction 5 were calculated from 10 independent trials.

###### Steady-state RecN ATP hydrolysis rates under D-loop assay conditions.

  **Order of addition**                                                                                             ***n***   **Probe DNA (μM nt)**   **Target DNA (μM nt)**  **Average ATP hydrolysis rate (μM min**^**−1**^**)±s.d.**
  ---------------------------------------------------------------------------------------------------------------- --------- ----------------------- ------------------------ -----------------------------------------------------------
  RecN+target DNA control (reaction 1, [Fig. 5b](#f5){ref-type="fig"})                                                 3                0                       10            2.4±0.5
  RecN+probe DNA control (reaction 2, [Fig. 5b](#f5){ref-type="fig"})                                                  3               10                       0             2.4±0.4
  RecN+target and probe DNA control (reaction 3, [Fig. 5b](#f5){ref-type="fig"})                                       3               10                       10            2.3±0.5
  RecA K83R+probe DNA→RecN (reaction 4, [Figs 5b](#f5){ref-type="fig"} and [6a](#f6){ref-type="fig"})                  9               10                       0             4.5±1.8
  RecA K83R→RecN+target DNA (reaction 5, [Figs 5b](#f5){ref-type="fig"} and [6a](#f6){ref-type="fig"})                 9                0                       10            30.9±3.2
  RecA K83R+probe DNA→RecN+target DNA ([Fig. 6a](#f6){ref-type="fig"})                                                 5                1                       10            27.3±1.7
                                                                                                                       8               2.5                      10            28.5±1.7
                                                                                                                       5                5                       10            36.1±4.2
                                                                                                                       3               7.5                      10            39.7±2.4
                                                                                                                       5               10                       1             7.7±4.7
                                                                                                                       8               10                      2.5            14.5±7.4
                                                                                                                       3               10                       5             29.2±9.3
                                                                                                                       5               10                      7.5            38.6±2.5
  RecA K83R+probe DNA→RecN+target DNA (reaction 6, [Figs 5b](#f5){ref-type="fig"} and [6a](#f6){ref-type="fig"})      15               10                       10            49.2±6.4
  RecA K83R+probe DNA→RecN+heterologous target DNA (reaction 7, [Fig. 5b](#f5){ref-type="fig"})                        3               10                       10            48.3±1.4
  RecA K83R+probe DNA→RecN+linearized, homologous target DNA ([Fig. 6b](#f6){ref-type="fig"}, 2.4 kb target DNA)       6               10                       10            47.9±5.0

Reaction conditions are described in the legend to [Fig. 5](#f5){ref-type="fig"}. Averages and s.d.\'s were calculated from the number of independent trials indicated (*n*). Order of addition describes the experimental condition and the relevant figure containing representative data. The probe and target DNAs are derived from 2.4 kbp plasmid DNA and are described in the legend to [Fig. 2](#f2){ref-type="fig"}. Heterologous DNA is non-homologous, supercoiled RF1 *φ*X174 DNA.
